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ABSTRACT 
The effects of turbulence intensity on the heat 

transfer distribution, transition and flow separation on 
a turbine blade was investigated at low Reynolds 
numbers. Measurements were performed in linear 
cascades (at both UCDavis and the USAF Academy) 
at   low   Reynolds   number   (67,000   to   144,000) 
representative of low pressure turbine stages at high 
altitude.   Nominal turbulence intensities of 1% and 
10% (generated with biplane lattice grids) were used. 
The heat transfer was measured with the uniform 

heat flux (UHF) or heated-coating method.    The 
heated-coating was a gold-film and liquid crystals 
were used for the surface temperature measurement. 
A novel laser-tuft surface flow visualization method 

was also used.   For low turbulence levels (1%) the 
pressure side of the Made exhibited streaks of 
varying heat transfer possibly associated with Taylor- 
Görtier vortices.   With grid turbulence (10%) these 
streaks disappeared on the pressure side and the 
heat transfer nearly doubted.    Grid turbulence also 
increased the heat transfer on the leading edge and 
suction surface, white advancing the location of 
boundary layer transition.    Good agreement was 
generally found between the UCDavis and USAFA 
data.   These cascade results compare favorably to 
those that have been reported with rotation. 

* Authors are listed in alphabetical order 

NOMENCLATURE 

B, 
B, 
h 
i 
1 
P 
q" 
<k" 
%." 
Re 

R*o 
R*o" 
s 
St 

TLC 

T„ 
Tu 
w 
X 

y 
ß 

5x 
e 
a 

airfoil axial chord 
air inlet angle 
air exit angle 
local heat transfer coefficient 
electric current 
length of gold sheet 
pitch distance between turbine blades 
local surface heating (electrical) per unit area 
convective heat transfer flux 
conductive heat transfer loss 
Reynolds number based on inlet conditions and 
axial chord 
resistance of gold at 40° C 
resistance per square of gold at 40° C 
surface arc length 
Stanton number based on inlet conditions 
temperature when liquid crystal is yellow 
free-stream air temperature 
turbulence intensity 
width of gold film 
distance measured in axial chord direction 
distance measured perpendicular to axial chord 
cascade flow angle measured relative to the y- 
axis 

experimental uncertainty in the parameter x 
surface emisstvity 
Stefan-Boltzman constant 



BACKGROUND 
Since the development of the gas turbine engine 

improvements in engine efficiency have been gained 
through improvements to individual engine components 
Much of this attention has been on understanding and 
improving turbine blade cooling and materials.  An actual 
turbine rotor blade is three dimensional and rotates in an 
extreme environment (high temperature and turbulence). 
Due to practical limitations, little fundamental research on 
turbine blades is performed in operating gas turbine 
engines.       Instead,   different   types   of   experimental 
approaches are used to simplify studies of the flow and 
heat transfer in turbine stages.  In general, we can divide 
these different approaches into two categories,   cascade 
(linear and annular) and rotating facilities.   The cascade 
and rotating facilities can be further subdivided depending 
on whether they use steady-state or transient testing 
techniques.   For completeness a brief review of turbine 
testing is included here.   For additional background and 
information on computational techniques, the thorough 
review   by   Simoneau   and   Simon   (1993)   should   be 
consulted. 

Cascade testing is generally the simplest model of the 
gas turbine flow path. Gostelow (1984) defines a cascade 
to be "an infinite row of equidistant similar bodies".  "The 
cascade plane is obtained by viewing along the blade 
axis... a cut is made along the streamline and then viewed 
in a direction parallel to the blade axis or stacking line". 
A linear cascade is formed if this "cut" is unrolled to form 
a two-dimensional row of blades.   An annular cascade is 
axis-symmetric and "consists of a row of blades mounted 
between two co-axial surfaces of revolution".    Testing 
similarity is improved, with a corresponding increase in 
difficulty, when rotation is added    Both cascade and 
rotating  facilities  can  operate  under   steady-state   or 
transient running conditions. For the brief review here we 
group tests into the following four types: steady-state 
cascade,   transient  cascade,   steady-state  rotating,   and 
transient rotating. 

Steady-state linear cascade research started with very 
early work by Wilson and Pope (1954).    The United 
Technologies   Research   Center   (UTRC)   group   ran 
important test cases using a now common blade shape in a 
linear cascade [Langston et al.  (1977) and Graziani 
(1980)], later they used this same shape in rotating tests. 
This blade shape is commonly referred to as the Langston 
blade  or Langston  geometry.     Detailed  aerodynamic 
measurements were performed on the Langston geometry 
at Virginia Polytechnic Institute [Moore and Ransmayr 
(1984a, 1984b), Moore and Adhye (1985), Moore and 
Moore (1985), and Moore et al. (1987)].   Heat transfer 
data was collected on the Langston geometry at NASA 

aZ^F e T * (1985)- Bo?ie "* R**ell 
BoT Zn 7*T comP^tions were performed by 

effict of rL > ^ md ^^ (1988) i****** «2 effect of turbulence on turbine blade heat transfer 
Turbulence and wake effects were also studied in the 
linear cascade test facility at the Institute of Thermal 
Turbomachinery (ITS), Karlsruhe, Germany T 
Dullenkopf et al. (1991), and Dullenkopf and Mavle 
(1994). At Detroit Diesel Allison, Nealv et al. (1984) and 
York et al. (1984) investigated the heat transfer 0n noSe 
guide vanes. 

Transient cascade experiments have been performed at 
Oxfords isentropic light piston tunnel. This facility has 
been used for transient heat transfer tests on a linear 
cascade by Schultz et al. (1980) and wake effects by 

added to the Oxford tunnel and transient heat transfer 

a77iüS ""JT"1 on nozzle ***vanes * Wedlake« al. (1989), and Harasgama and Wedlake (1991) 
Steady-state rotating experiments were also performed by 

the UTRC group in addition to their linear cascade work 
They performed many investigations using a steady-state 
rotating facility with Langston's mean blade geometry 

Ä* ÜniI986)' *** Ct *■ (1989a>> Bla* «* (1989b), and Blair (1994)]. At MIT, a rotating blowdown 
tunnel which operates under both transient and steady- 
state conditions was used to measure turbine blade heat 
transfer which was compared to Oxford's cascade data 
(Guenette et al., 1989). A new rotating facility is being 
run at Pennsylvania State University and is discussed in 
Lakshminarayana et al. (1992). 

Transient rotating experiments were done by Dunn and 
Stoddard (1979) who began an impressive amount of 
research carried out in a shock tube driven transient 
rotating faculty developed at Calspan.  Heat transfer tests 
were performed on the Garrett TFE 731-2 [Dunn and 
Stoddard (1979), Dunn and Hause (1982), Dunn ct al 
(1984a, 1984b), and Dunn   (1990)], Teledyne CAE 702 
HP [Dunn and Chupp (198«), and Dunn et al (1989)1 
and the Rocketdyne Space Shuttle (Dunn et al   1994) 
engines in this facility.    Oxford is also performing 
transient rotational tests.   Their heat transfer technique 
and instrumentation is explained by Ainsworth et al. 
(1989). 

The type of facility and its operating condition (transient 
versus steady-state) is important when considering the 
method for measuring heat transfer. Most transient 
faculties use a method developed by Schultz and Jones 
(1973). These methods use a resistance gage to measure 
the transient surface temperature and a circuit (which is 
an electrical equivalent to the semi-infinite conduction 
equation) to determine the surface heat flux. This method 



or one based on the same idea was used in all of the 
following tests: Schultz et al. (1980), Ashworth et al 
(1985), Ainsworth et al. (1989), Wedlake et al  (1989) 
Harasgama and Wedlake (1991), Dunn and Stoddard 
(1979), Dunn and Hause (1982), Dunn et al. (1984a, 
1984b), and Dunn  (1990), Dunn and Chupp (1988) and 
Dunn et al. (1989), and Dunn et al. (1994).    These 
techniques have the ability to give high frequency heat 
transfer fluctuations.   Guenette et al. (1989) developed a 
similar transient method but it used two temperature 
sensitive resistance gages with an insulating material 
between them. Like the other methods, this gage uses the 
outer temperature for high frequency data, but this uses a 
temperature   difference   across   a      known   insulating 
resistance to measure the low frequency heat transfer. 

Steady-state cascade and rotating facilities use other 
methods to measure heat transfer.    Wilson and Pope 
(1954) used individually heated Nichrome strips to create 
a uniform temperature, the local heat transfer could then 
be determined on each strip.   Turner (1971) developed a 
technique which used cooling tubes running through a 
turbine blade model.   The surface temperatures and the 
advected energy across each tube were measured.   These 
measurements were then used as boundary conditions 
solving    Laplace's equation for conduction inside the 
blade, the local heat transfer was determined by the local 
conduction surface temperature gradient Similar methods 
were later used by Nealy et al. (1984), York et al. (1984) 
Dullenkopf et al.  (1991), and Dullenkopf and Mayle 
(1994). Probably the most popular method used in steady- 
state tests is called the uniform heat flux (UHF) or heated- 
coating method. 

The uniform heat flux (UHF) or heated-coating method 
has a very long history. The general idea is to measure 
the local surface temperatnres on a model which is 
producing a uniform heat transfer flux (typically electrical 
resistance heating) from a heated-coating on the test 
surface. The local heat transfer coefficient can be 
calculated by knowing the power into the surfece, local 
surface temperature, heated area, and free-stream 
temperature. Variations on the uniform heat flux 
technique involve diflerent ways to measure the surface 
temperature and diflerent ways to produce the heat flux. 

A general overview of the many researchers who have 
used UHF methods is included. Early work using this 
technique used thermocouples in order to measure the 
local surface temperature. Local heat transfer coefficients 
were measured for a cylinder in cross-flow by Giedt 
(1949) who used thermocouples and nichrome ribbon to 
produce the electrical resistance heat flux. Wilson and 
Pope (1954) used a similar technique to measure the heat 
transfer on turbine blade shapes in very early cascade 

tunnel testing. Simonich and Bradshaw (1978) used steel 
shim strips to produce the needed heat flux to measure the 
effect of free-stream turbulence on turbulent boundary 
layers.    O'Brien et al.  (1986) used inconel foil and 
thermocouples on one of three different cylinder models to 
compare different heat transfer techniques.   Some other 
more recent techniques have used liquid crystals on the 
test surface to measure surface temperature. Cooper et al 
(1975) used carbon impregnated paper to produce the heat 
flux and liquid crystals to test a cylinder in cross-flow   A 
similar technique was used by Hippensteele et al (1985) 
to measure the local heat transfer around a turbine blade 
in a cascade tunnel.  Like the present method, Baughn et 
al. (1989) used a thin polyester surface with vacuum 
deposited gold and liquid crystals to compare uniform heat 
flux and transient tests on a pin fin. Endwall heat transfer 
in a cascade tunnel was investigated by Boyle and Russell 
(1990) using a thin metallic foil and liquid crystals 
Graziaru (1980), Dring et al. (1986), Blair et al. (1989a) 
Blair et al. (1989b), and Blair (1994) used this technique 
with thermocouples to measure surface temperature   Like 
the present method, Hippensteele et al. (1985), and Boyle 
and Russell (1990) used liquid crystals to measure surface 
temperature. 

In all UHF method designs, the test surface has to be 
covered with some type of heater element in order to 
produce the uniform heat flux. This usually limits the 
application of this technique to flat surfaces or surfaces 
with curvature in only one direction. 
The present research uses gold-film for the heater similar 

to that of Baughn et al. (1989) and liquid crystals to 
measure the heat transfer on a turbine blade in linear 
cascade facilities at UCDavis and the USAF Academy 

LINEAR CASCADE TEST FACILITIES 
Two linear cascade facilities were used in the present 

research. One is at the USAF Academy and is a closed 
loop wind tunnel specifically designed for use as a linear 
cascade facility. The other is at UCDavis and was 
developed by adding a turning cascade section onto an 
existing UCDavis wind tunnel. In this case the wind 
tunnel is open loop and is driven by a 50 HP constant 
speed motor operating a centrifugal compressor. Stilling 
chamber with screens are used upstream of the wind 
tunnel nozzles to reduce free-stream turbulence. 

The geometry of the linear cascade sections and of the 
turbine blades are shown in Figures 1 and 2 respectively 
The parameters for the UCDavis and USAFA tunnels are 
in Table I.  The x-axis is defined in the axial direction. 
Cascade angles are defined relative to the y-axis. 



TABLE I. CASCADE TUNNEL COMPARISON 

FIGURE 1. CASCADE GEOMETRY 
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FIGURE 2. BLADE GEOMETRY WITH 
SURFACE CROSS-SECTION 

For the UCDavis cascade section, the cascade angles are 
the same as used by Längsten et al. (1977) and Graziani et 
al. (1980), although, their tunnel used four blades with a 
rather low aspect ratio of approximately 1.0. Gostelow 
(1984) suggests an aspect ratio of 4.0 to achieve two- 
dimensional flow in a turbine cascade. The UCDavis 
cascade section had seven blades (nine blades including 
the end walls) with an aspect ratio of 3.56 while the 
USAFA cascade section had 5 blades (seven with end 
walls) with an aspect ratio of 3.97. Due to the favorable 
pressure gradient through the turbine cascade, boundary 

layer bleeds are not required (Gostelow, 1984). With an 
aspect ratio of 1.0, Graziani (1980) found the pressure 
surface to be essentially two-dimensional, but the suction 
surface was still dependent on the inlet boundary laver 
size. 

In both test faculties the present study used a turbine 
airfoil shape with a very long history. It was first used in 
cascade tests by Langston et al.  (1977).     It is also 
geometrically similar to the mean blade geometry used in 
rotating tests by Dring et al. (1986) and Blair et al 
(1989a, 1989b).   The turbine blade shape is shown in 



Figure 2. The physical coordinates of the turbine blade 
are listed in Butler (1995). The turbine blade shape is that 
of a heavily loaded machine with a design flow coefficient 
of .78, stage loading coefficient of 2.8, and 34% staue 
pressure reaction [Blair et al. (1989a), (1989b)]. The 
turbine blade has an inlet mean camber line of 44° and an 
exit mean camber line is 26°. The air inlet angle was 
44.7° at UCDavis (giving -0.7° of incidence) and 49° at 
USAFA. Locations on the turbine blade were measured 
relative to a geometric zero which is determined by 
placing a straight edge across the concave portion of the 
turbine blade. The tangent point near the leading edge is 
used as the reference point (s=0). Mote, this location is 
not the stagnation point, although, this reference location 
is easier to duplicate and is consistent with Blair et al 
(1989a. 1989b). 

The turbine blades were hot-wire cut from dense 
polystyrene (2 lb/ft3). Heat transfer tests were performed 
on the center blade in the cascade row. 

For the heat transfer measurements, gold film was 
attached to the substrate (2 lb/ft3 polystyrene) using 3-M 
spray adhesive (see Figure 2). The gold film is a thin 7- 
mil polyester sheet with vacuum deposited gold on the 
surface. The thin layer of gold provides the surface with a 
uniform electrical resistivity. Bus bars were formed using 
copper tape attached to each end of the gold film. To 
ensure good electrical contact a silver based paint was 
applied between the copper tape and the gold film. 

The gold film was air brushed with flat black paint, 
followed by liquid crystals.    The liquid crystals were 
narrow-band Hallcrest R40W1 (red beginning at 40° C 
and 1° bandwidth). Constant voltage is provided by a DC 
power supply to the copper bus bars. The voltage across 
the gold film causes current to flow through the gold film 
producing a nearly uniform Ohmic heating on the surface 
of the model.   Since the polyester sheet and polystyrene 
blade act as an insulated surface, the uniform Ohmic 
heating  produces  a   nearly  uniform  heat  flux   UHF 
convection from the surface. Current was measured using 
an Ammeter in series with the power supply. The voltage 
is measured using a voltmeter with separate lead wires to 
the bus bars (avoiding any voltage drop due to the 
resistance of the lead wires).     The power can  be 
determined by using the voltage and the current, current 
and resistance, or voltage and resistance.   Because the 
resistance   of  the   gold   film   changes   slightly   with 
temperature, the local value (at the temperature of the 
measured location) of the gold's resistance should be used. 
The   clean tunnel free-stream turbulence was measured 
with a hot-wire to be approximately 0.5% and 1.0% in the 
USAFA and UCDavis cascade sections respectively. 

A turbulence generating gnd was used to simulate the 
high level of turbulence which exists in operating gas 
turbine engines. Grid turbulence theory and correlations 
provided in Barnes and Peterson (1951), and Roach (1987) 
were used to design a square-mesh arrav of square bars A 
0.0381 m square-bar gnd was placed 1.143 m upstream 
perpendicular to the flow at UCDavis. A 0 03175 m 
square-bar gnd was placed 1.22 m upstream parallel to the 
cascade row at USAFA. Grid turbulence decays 
downstream of the grid and eddv scales increase 
Assuming the turbulence to be isotropic and 
homogeneous, the turbulence length scales can be 
estimated using theory (Roach, 1987). For the UCDavis 
data, the gnd turbulence macro-scale is estimated to be 
0.0406 m and is independent of free-stream velocity The 
micro-scale is estimated to be 0.0071 m (at 6 m/s) and 
0.0051 mat 12 m/s. 

DATA REDUCTION 
The heat transfer measurements were begun by running 

the tunnel until it was at steady state. The electric power 
to the blade was then adjusted until a yellow color band 
(from the liquid crystals) appeared in a selected region of 
the model. The model was allowed to come to steady state 
while making minor adjustments to the power to keep the 
yellow color band in the region of interest The low 
thermal conductivity of the blade model requires adequate 
time for this to occur.. 

Data reduction with the gold-film heated-coating 
(uniform heat flux or UHF) method is straight forward 
The local heat transfer coefficient for the yellow lines is 
given by: 

h = 
(TLC-TJ 

The adiabatic wall temperature can be used as the 
reference temperature (T„). In the present case, a 
thermocouple exposed to the free-stream tunnel air is used 
to measure temperature (T.,). For this low Mach number 
flow, the measured temperature is within 0.1° C of the 
total, static, and adiabatic wall temperatures. 

When steady state is reached, the lines of yellow color 
from the liquid crystals represent isothermal lines, which 
for a given heat flux (power setting) represent lines of 
constant heat transfer coefficient Typical patterns for the 
color yellow at different power settings are shown in 
Figures 3a and 3b for the pressure and suction sides of the 
turbine blade respectively. 
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FIGURE 3A. SKETCH SHOWING THE YELLOW 
ISOTHERM ON THE SUCTION SURFACE 

The heat flux due to convection (O is determined by 
subtracting radiation and conduction losses from the local 
electrical heating per unit of surface area (q"). 

qe" = q"-ecr(Tlc-rLj-qL" 

The local electrical heating (q")  is calculated using the 
following equation: 

<?" = 
i2Ji4o_i2(R<o"l/M>)    J>R40> 

w tw 
This equation accounts for the slight temperature 
sensitivity of the resistance of the gold coating. In the 
present method this is easy since the data is all collected at 
the same surface temperature (the yellow color of the 
liquid crystals).  This equation uses the resistance of the 
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FIGURE 3B. SKETCH SHOWING THE YELLOW 
ISOTHERM ON THE PRESSURE SURFACE 

gold coating at the yellow color (40° C) and assumes the 
current is uniform through the model. The current, length 
and width of the gold are measured. The resistance of the 
gold at 40° C (Rw) is expressed in terms of the resistance 
per square (R"). The resistance per square is a common 
way to express the resistance of surface coatings and it is 
simply the resistance of any size square piece (note: due to 
scaling of the electrical path, any size square piece will 
have the same resistance). The actual resistance of a 
rectangular piece is proportional to its length and 
inversely proportional to its width. The resistance of the 
gold sample was measured using a four-wire arrangement 
at 25° C to be 5.63 Ohms. Baughn et al. (1985) measured 
the temperature coefficient of the gold coating to be .0011 
(1/C°). Therefore, the resistance of the coating would be 
IW 5.63(1+0011(40-25)) = 5.72 Ohms at 40° C. 



Accounting for the dimensions of the gold yields 
RB4o=R.o(w/l)= 2.49 Ohms/square. 

The conduction losses (cO are negligible for the turbine 
blade because the model is made from polystyrene. The 
radiation can not be ignored. The radiation component 
ranged from 3-21% in regions of very high or very low 
convective heat transfer. 

The liquid crystal temperature (TLC) was determined by 
using two different calibration techniques. The two 
methods gave consistent results showing the center of the 
yellow color band of the R40W1 liquid crystals to be 
40.10° +.15° C. More detail about the liquid crystal 
calibration is available in Butler (1995). 

UNCERTAINTY ANALYSIS 
An uncertainty analysis (using standard uncertainty 

methods and 95% confidence) was performed for the heat 
transfer measurements. The individual contributions to 
the uncertainty of the local heat transfer coefficient are 
given in Table II. The variation of the gold's local 
resistivity, estimated to be approximately 5% is the 
largest contributor to the overall uncertainty. The total 
uncertainty is estimated to be approximately 6%. It is 
believed that this is conservative since the uniformity of 
the liquid crystal color during tests suggests the gold 
uniformity is probably better than the 5% estimate. The 
uncertainty in the Reynolds number is estimated to be 2%. 

RESULTS 

Aerodynamic Measurements 
Free-stream turbulence intensity was measured using a 

constant temperature hot-film anemometer (details are 
also given in Butler, 1995). Without the grid in place, the 
turbulence level is independent of velocity and is 
nominally 1% at UCDavis and .5% at USAFA With the 
grid, there was a natural decay of the turbulence as it 
traveled downstream. In this case, the turbulence intensity 
at the leading edge of the test blade was found by 
extrapolation from 1 inch upstream of the test blade 
giving a turbulence intensity of nominally 10% (grid 
design theory correctly predicted this result). 

Wake velocity measurements were also taken in the 
UCDavis tests using the TSI constant temperature hot-film 
anemometer. The wake velocities are given in Butler 
(1995). The favorable pressure gradient across the 
cascade produced a velocity increase through the cascade. 

Based on the hot-film measurements and a spatial 
average of the wake velocities, on average the exit velocity 
is 65% larger than the free-stream velocity. Many 

TABLE II. UNCERTAINTY ANALYSIS 

Measured 
Parameter 

Typical 
Value 

5X (+) h Uncertainty 
% 

R" 149 
Ohms/Sq 

125 5.0 

T„ 26.3° C .15 1.2 

TLC 4U 1° C .15 1.2 

L 18.375 in .008 0 

W 8.U0 in .008 -> 

s 85 .15 1.7 

i 3.77 A 005 .3 

V 21.56 V .005 0 

Total=5.5% 

researchers use cascade exit conditions to normalize their 
results. The present work uses inlet conditions, although 
the present Reynolds and Stanton numbers could be based 
on exit conditions by increasing the velocity by 65%. 

Heat Transfer Meaaurarnerttf 
The heat transfer data taken in the UCDavis linear 

cascade will be presented and discussed first (comparisons 
of the UCDavis and USAFA measurements are made 
later). The results for the low Reynolds number used 
(67,500) are shown in Figure 4 for the two different 
turbulence intensities and for higher Reynolds numbers 
(134,000 and 144,000) in Figure 5. Discussions of the 
distributions on the leading edge, the suction side and the 
pressure side follow in order. The effect of the Reynolds 
number is then discussed. 
The heat transfer results (Stanton number) were based on 

inlet flow conditions. Except where noted, the heat 
transfer results were spanwise uniform due to the high 
aspect ratio of the blades. 

In the region of the leading edge, which is cylindrical in 
shape, the heat transfer behaves very much like the 
forward region of a cylinder in cross-flow. The highest 
heat transfer exists at the stagnation point of the leading 
edge (which corresponds to s/Bx=.03).     As seen in 



Figure 4, as the boundary layer grows the local heat 
transfer decreases rapidly in the region from s/Bx= 03 to 
.15 (on the suction surface) and s/Bx=03 to -.11 (on the 
pressure surface). In this leading edge region, the shape 
of the distribution is not changed by the turbulence 
intensity, but the higher turbulence intensity (10%) has a 
higher heat transfer level. In fact the grid turbulence 
increases the heat transfer by 13% at the stagnation point 
for the Reynolds number of 67,500. This is consistent 
with Lowery and Vachon (1975), and the many others 
who have investigated turbulence effects on the stagnation 
region of a cylinder. 

On the suction surface, the flow continues to accelerate 
from s/Bx=15 to roughly s/Bx=0.6 and the heat transfer 
decreases much like laminar flow over a plate for both 1% 
and 10% turbulence intensities.  The shapes of the curves 
are the same for both turbulence intensities with a higher 
heat transfer for the higher turbulence intensity (roughly 
12% above that for the low intensity case). The favorable 
pressure gradient in this region clearly helps the boundary 
layer stay laminar.   The flow goes through an adverse 
pressure gradient (as it decelerates) from roughly s/Bx=0.6 
to the end of the suction surface.   This can cause the 
boundary layer to transition or can cause flow separation. 
Boundary layer transition would cause the heat transfer to 
increase in the transition region, followed by decreasing 
levels as the fully turbulent boundary layer grows.   If the 
boundary layer separates, the heat transfer would be low in 
the separated region.    Looking again at Figure 4 (low 
Reynolds number), it can be seen that on the suction side, 
with s/Bx greater than 1.0, the heat transfer continues to 
decrease for the low turbulence intensity (1%) case, but 
increases for the high turbulence intensity (10%) case. 
For the low intensity case, there appears to be two 
minimums, both with very low heat transfer levels. 
Because of the low Reynolds number and turbulence level, 
it was suspected that one of these  minimum^ was 
boundary layer separation.   This was confirmed by laser 
tuft measurements described below. For the high intensity 
case, the heat transfer increases, a clear sign of boundary 
layer transition.  Looking at Figure 5, it can be seen that 
the low heat transfer and second minimum for s/Bx 
greater than 1.0 do not occur. 

On the pressure surface with low turbulence (sec Figure 
4 again), the flow decelerates slightly over a short region 
(from s/Bx=-.ll to -.22), the laminar boundary layer 
grows and the heat transfer decreases. From s/Bx=-.22 to 
the end of the pressure surfece, the flow encounters strong 
concave curvature. In this region, the appearance of the 
liquid crystal colors is different for the low turbulence 
intensity versus high turbulence intensity cases. The 
concave surface seems to hold the heat transfer relatively 

constant at turbulent levels.   When the boundary layer is 
Süll laminar, the concave curvature region has spanwise 
vanauon in the heat transfer which could be caused by 
Taylor-Görtler (discussed in the next section) vortices 
which form and enhance the heat transfer, but the overall 
level is still below that of a turbulent boundary layer. 

Now consider the pressure side heat transfer distributions 
(also shown in Figure 4).   For both levels of turbulence 
intensity, the curves show decreasing heat transfer as the 
laminar boundary layer grows from the stagnation point to 
s/Bx=-16  (although,  the  higher  turbulence  case  has 
higher heat transfer by an average of 23% in this region) 
At s/Bx=-. 16, the heat transfer for the low turbulence case 
continues to decrease until s/Bx=-.22 thereafter increasing 
slowly  while   the   heat   transfer   for   high   turbulence 
increases rapidly and then levels off.   Not only is there a 
difference in the average level of heat transfer but there is 
a totally different appearance in the liquid crystal color 
distributions for these two different turbulence levels. For 
the low turbulence levels there was spanwise variation of 
the local heat transfer coefficient which was evident by 
liquid crystal "color fingers". This is shown in Figure 3b. 

The effect of these spanwise variations on the heat 
transfer are shown in Figure 4 by showing both the 
maximum and minimum heat transfer for any span 
location. These "fingers" could possibly be Taylor-Gortler 
vortices which form on the concave portion of the pressure 
surface with a laminar boundary layer.   If this were the 
case, the high heat transfer regions are produced by 
downflow between vortices and the low heat transfer 
regions are formed by upflow.    Taylor-Görtler vortices 
have   been   found   on   concave   surfaces   by   many 
investigators.    Mayle et al. (1979) measured spanwise 
variation of dynamic pressure, Han and Cox (1983) took 
high speed smoke photographs, and Priddy and Bayley 
(1988) used a laser-Doppler anemometer to show the 
presence of Taylor-Gortler vortices on a turbine blade. 
Crane and Sabzvari (1989) used a uniform heat flux liquid 
crystal  technique to  measure  the   heat  transfer and 
visualize the Taylor-Görtler vortices on the concave 
section of a water tunnel.   While it is uncertain in the 
present case whether Taylor-Görtler vortices account for 
these "fingers" the high sensitivity of this experimental 
technique allows small variations to be seen. 

The high turbulence intensity data does not have these 
"fingers" and has relatively level high heat transfer rates. 
Overall on the concave portion of the pressure surface, the 
high turbulence intensity case produces nearly double the 
heat transfer rate of the low turbulence case. 
The effect of Reynolds number can be seen by comparing 

Figure 4 (Reynolds number of 67,000) to Figure 5 
(Reynolds number of 134,000 and 144,000). 
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FIGURE 4.  EFFECT OF TURBULENCE AT 
LOW REYNOLDS NUMBER (UCDAVIS) 

A comparison of the data at the different Reynolds 
number of Figures 4 and 5 can be misleading since the 
Stanton number is inversely proportional to velocity, while 
laminar heat transfer is proportional to the square-root of 
velocity and turbulent heat transfer is proportional to 
velocity to the 0.8 power. Therefore for the present study, 
when the Reynolds number is not exactly matched, the 
quoted differences in laminar heat transfer are adjusted for 
the square-root of velocity (the plotted values are not 
adjusted). 

In the leading edge region at the higher Reynolds 
number of Figure 5 (134,000) the turbulence increases the 
stagnation point heat traasfer by 17% (compared to 13% 
at Re=67,50O). For a fixed increase in turbulence, Lowery 
and Vachon (1973) also found higher percentage changes 
to the stagnation heating far larger Reynolds numbers. 
On the suction surface won higher Reynolds number, the 

heat transfer is elevated in the laminar boundary layer 
growth region by an average of roughly 16%. The 
laminar boundary layer region percentage increase is 
slightly less than the increase at stagnation, which was 
also the case at the lower Reynolds number. This would 
agree with Kestin (1966), and Junkhan and Serovy (1967) 
who showed that turbulence increases the heat transfer for 
laminar boundary layers with favorable pressure gradients. 
For these higher Reynolds numbers, both turbulence levels 
show boundary layer transition (no separation such as 
occurred at lower Reynolds number). The higher gnd 

FIGURE 5. EFFECT OF TURBULENCE AT 
HIGHER REYNOLDS NUMBER (UCDAVIS) 

turbulence advances the transition location to s/Bx=.92, as 
compared to s/Bx=l.l for the low turbulence condition 
Dullenkopf and Mayle (1994) also showed that added 
turbulence advances the boundary layer transition location 
on the suction surface. On the pressure surface, the 
results at a higher Reynolds number are similar to those 
for the lower Reynolds number. The laminar boundary 
layer grows with decreasing heat transfer from the 
stagnation point, until the spanwise variation again forms 
for the low turbulence intensity case. As before, at high 
turbulence intensity these spanwise variations disappear 
and the the heat transfer levels nearly double. 

Laser-Tuft Results 
For the low intensity measurements on the suction side of 

a blade, it was desired to confirm that flow separation had 
occurred. For example, in Figure 4 at s/Bx greater than 
1.0 there are two small heat transfer minimums. In order 
to determine if one of these was flow separation, a 
technique suggested by Baughn and Rivir (1994) was used 
to non-intrusively determine the flow direction on the 
blade surface. A 20 mW Helium-Neon laser was used in 
conjunction with the liquid-crystal coated gold-film 
heater. Power was applied to the gold film to bring this 
location very near, but below ,the liquid crystal color play 
temperature. The location of interest was then further 
heated using the laser. The laser heated a small (~3 mm) 
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FIGURE 6.   UCDAVIS (Re=144K) AND USAFA 
(Re=110K) RESULTS AT LOW TURBULENCE 

circle to a temperature above the liquid crystal color play 
temperature. The laser was then turned off and the color 
shape was observed. The laser produced a hot spot which 
advected in the direction of the surface flow and this flow 
direction was detected by a "tail" of color from the circle. 
This can be referred to as a "liquid crystal thermal tuft" or 
simply "LC thermal tuft". The LC thermal tuft showed 
that the flow continued down the blade at the first 
minimum, but didn't seem to have any direction at the 
second minimum This would suggest that the second 
minimum is boundary layer separation. In future 
measurements, it is planned to use either a beam splitter 
or multiple measurements and obtain a matrix of tufts. In 
this case, we refer to this as a Laser Tuft Matrix (LTM) 
method. It is also possible to do this with other surface 
optical temperature sensors, such as phosphors. 

Comparison  of  UCDavis  and  U8AF  Academy 
Results 

Two sets of data were collected in the USAFA linear 
cascade. Data was collected with and without a turbulence 
grid at a Reynolds number of 110,000. These results are 
compared with the UCDavis high Reynolds number data 
in Figures 6 and 7 for the low and high turbulence levels 
respectively. For the USAFA data, the grid turbulence 
again had a major effect on the magnitude and the general 
profile of the heat transfer distributions. 

FIGURE 7.   UCDAVIS (Re=134«) AND USAFA 
(Re=110K) RESULTS AT HIGHER TURBULENCE 

In the leading edge region the results for the USAFA and 
UCDavis data are similar with an increase of 13% in the 
stagnation point heat transfer for 9% grid turbulence in 
the USAFA data. These results are at slightly different 
free-stream velocities (12 m/s at UCDavis and 12.5 m/s at 
USAFA), therefore due to the inverse relation of Stanton 
number to velocity, the results do not match at the 
stagnation point 
On the suction surface with low turbulence levels (Figure 

6) the heat transfer distribution measured at USAFA is 
dramatically different from that measured at UCDavis. At 
USAFA the heat transfer decreases as a laminar boundary 
layer grows from the stagnation point up to s/Bx=921 
(similar to what occurred in the UCDavis data). At this 
point, the laminar boundary layer appears to separate, 
followed by very high heat transfer where the boundary 
layer «attaches at s/B^ 1.09 (whereas the UCDavis data 
shows transition but does not show separation). The 
difference is attributed to the larger blade spacing and 
pitch/axial chord of the USAFA cascade. As the turbine 
blades are moved farther apart, the flow separates because 
it is unable to navigate the large turning angle. This has 
been confirmed in current research specifically 
investigating the effect of blade spacing. 

On the suction surface with high turbulence levels, the 
USAFA distribution is slightly different from the UCDavis 
data. It shows a minimum at s/Bx=. 132 and a maximum 
at s/B,= 226.    This profile could be caused by a flow 
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condition with overspeed (where the heat transfer increase 
is due to rapid acceleration) or by flow with weak 
separation followed by laminar reattachment. Either flow 
condition could be caused by an increased flow incidence 
angle due the the placement of the square-bar grid at an 
angle to the free-stream velocity (parallel to the cascade 
plane). After s/B^.226 with the grid, the heat transfer 
behaves like a growing laminar boundary layer. With 
higher turbulence in the USAFA tunnel, the laminar 
boundary layer does not separate at s/Bx=921, instead it 
transitions to turbulent with a gradual rise in heat transfer 
followed by a decrease when the boundary becomes fully 
turbulent. 

Comparison of Cascada and Rotating Data 
The question of using a linear cascade to model the 

complex process of a rotating machine can alwavs be 
debated. Guenette et al. (1989) concluded that rotating 
midspan data is largely two-dimensional and that cascade 
data (Ashworth et al., 1985) is qualitatively the same, 
though 50% differences existed in some regions. 
Therefore, in the present investigation, it was important to 
have a test case to compare with the cascade data. As 
mentioned earlier, a complete set of rotating tests for the 
same blade geometry was performed by Blairs group over 
the last decade. Most of their results are for Reynolds 
numbers higher than the present investigation, although, 
they did perform one set of tests which was not included 
in Blair et al. (1989b), but was tabulated in Dring et al. 
(1986). The present investigation matched their condition 
by running Re= 134,000 and 10% turbulence. 

Blair et al. (1989b) used a 1 1/2 stage (stator, rotor, 
stator) rotating rig. They looked at Reynolds number and 
turbulence effects. They found that adding a grid didnt 
effect their rotor results very much because the stator 
wakes produce turbulence which interact with the rotor. 
The test specifications for the present cascade are 
compared to Dring et al. (1986) in Table HI. 

A comparison of Dring's (1986) rotating test to the 
present results are shown in Figure 8. Both tests used a 
10% grid. The results are nearly identical near the 
stagnation region and on the pressure surface. Previous 
comparisons [Blair et al. (1989b) versus Graziani et al. 
1980)] on the pressure surface showed the cascade data 
being too low. On the suction surface the results are the 
same up to boundary layer transition. The transition 
location for the rotating test is further forward (s/Bx=473) 
than the cascade test (s/Bx=92). This was also true at 
higher Reynolds number in Blair's (1989b)comparison 
with cascade data by Graziani et al. (1980). This 
difference could have many sources, some possibilities 

TABLE III. UCDAVIS CASCADE AND UTRC 
TEST SPECIFICATIONS 

Axial Chord 
(BJ 

Pitch/Axial 
Chord (p/B J 

Aspect Ratio 

Present 
Cascade 

0.171 m 

.93 

Inlet  Camber 
Angle 

3.57 

UTRC 
Rotating Rig 

0.161 m 

.96 

44° 

.95 

Exit Camber 
Angle 

Air Inlet 
Angle 

26° 

44.7° 

42° 

26° 

40° 
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would be: stator wake turbulence, three dimensional 
effects, surface roughness, or slight solidity differences. 
The max-to-nun surface roughness for Dring's (1986) 
rotating data is 51 microns (Blair, 1994), while the 
present model surface roughness is estimated to be 10 
microns. At low Reynolds number. Blair (1994) showed 
that increasing the surface roughness can advance the 
suction side transition location. 

CONCLUSIONS 
The present study investigated the effect of turbulence 

intensity and Reynolds number on turbine blade local heat 
transfer. The results show many interesting features of the 
turbine blade heat transfer distribution. 

Turbulence intensity has a large effect on the local heat 
transfer. Increasing the turbulence intensity from 1% to 
10% had the following three major effects on heat 
transfer: 1.) the heat transfer level increases, 2.) the 
suction side boundary layer transition location moves 
upstream, and 3.) the spanwise variation on the pressure 
side disappears. 

At the stagnation point the heat transfer increased 13% 
at Re=67,500 and 17% at Re= 134,000.  The suction side 
laminar boundary layer heat transfer increased by an 
average of 12% at Re=67,500 and 16% at Re= 134,000. 

The grid turbulence causes the suction side boundary 
layer transition location to move upstream from s/Bx=l.l 
to s/Bx=92 for the Reynolds number of 134,000. 

In the concave curvature region of the pressure surface 
the turbulence level has a significant effect. With 1% 
turbulence, the heat transfer varied spanwise in a 
somewhat periodic distribution. One possible explanation 
for this is the presence of Taylor-Görtler vortices in the 
laminar boundary layer. With 10% turbulence the 
spanwise variation did not occur, but the heat transfer 
nearly doubled If the spanwise variation is caused by the 
presence of Taylor Görtier vortices, they did not occur 
with the higher turbulence level. 

The effect of Reynolds number on the results were 
different with and without the grid. Without the grid, the 
suction side boundary layer separated at Re=67,500 and it 
transitioned to turbulent at Re= 134,000. With the grid, 
the suction side boundary layer transition point moved 
forward (from s/Bx=1.03 to .92) when the Reynolds 
number increased (from Re=67,500 to 134,000). The 
results showed that the effect of turbulence is dependent 
on the Reynolds number. For example, for a given 
percentage increase in turbulence intensity, there was a 
larger percentage increase in heat transfer when the 
Reynolds number is increased. This has been observed by 
others for the stagnation region of a cylinder. 

The results were also compared to tests performed in the 
USAF Academy Cascade tunnel. At low turbulence 
levels, the USAFA data showed boundary layer separation 
on the rear portion of the suction side. Subsequent 
investigations show that this was caused by the larger 
blade spacing in the USAFA cascade. With grid 
turbulence, the USAFA results had a maximum and 
minimum near the front of the suction surface. It is 
believed that this is caused by the change in flow 
incidence in the USAFA cascade. This was produced by 
the square bar grid which was installed in the USAFA 
cascade tunnel parallel to the cascade plane (at an angle 
relative the free-stream flow). 

One continuing concern with cascade data has been that 
it lacks rotational effects. It is reassuring that the present 
cascade data compares very favorably to rotational data 
collected by Dring et al. (1986). The present heat transfer 
results are nearly the same in the stagnation, laminar 
suction surface, and the pressure surface regions as those 
of Dring et al. (1986). The boundary layer transition 
location on the suction surface was advanced in the 
rotating tests. 
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